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One of the paradigms of a small quantum system in a dissipative environment is
the decay of an excited atom undergoing spontaneous photon emission into the fluc-
tuating quantum electrodynamic vacuum. Recent experiments have demonstrated
that the gapped photon dispersion in periodic structures can give rise to novel
spontaneous-decay behavior including the formation of dissipative bound states. So
far, these effects have been restricted to the optical domain. Here, we experimentally
demonstrate similar behavior in a system of artificial atoms in an optical lattice that
decay by emitting matter-wave, rather than optical, radiation into free space. By
controlling the vacuum coupling and excitation energy, we directly observe expo-
nential and partly reversible, non-Markovian dynamics and detect a tunable bound
state containing evanescent matter waves for emission at negative excitation energies.
Our system provides a flexible platform for the emulation of open-system quantum
electrodynamics and studies of dissipative many-body physics with ultracold atoms.
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2The Weisskopf-Wigner model of spontaneous emission [1, 2] is a central concept in quan-
tum optics [3], describing how an excited atom can decay to its ground state due to coupling
to zero-point oscillations of the electromagnetic vacuum. It simultaneously represents one
of the first open quantum systems discussed in the literature, and an area of research that
has recently seen a resurgence of intense theoretical efforts [4–7]. In its usual Markovian
formulation, the model makes the assumption that the decay proceeds on a much slower
time scale than the optical period, which leads to a memoryless, exponential decay of the
excited-state amplitude and to an associated Lamb-shift of the transition frequency. For
free-space emission, the Markovian approximation is generally fulfilled to high accuracy.
On the other hand, modifications to the mode density of the vacuum can change the
features of spontaneous decay. This was first recognized in the 1940s [8] and again decades
later [9] in the development of cavity quantum electrodynamics [10–12], where the decay can
be altered to the extreme point of coherent vacuum Rabi oscillations when the spectrum is
restricted to a single mode.
Between these two limits lies the regime of a vacuum with a bounded continuous spectrum,
in which a strong modification of spontaneous decay behavior occurs close to the boundary.
An example is given by photonic crystals (also called photonic bandgap materials) [13, 14],
where a periodic spatial modulation of the refractive index gives rise to a gapped dispersion
relation. For emission close to a bandgap, the Markovian approximation can no longer be
made, and novel features appear including oscillatory decay dynamics for energies above the
band edge and the formation of atom-photon bound states below [15]. Over the past two
decades, experiments on spontaneous emission in photonic bandgap materials, including the
microwave domain, have observed some of these effects, specifically modified spontaneous
emission rates [16, 17] and Lamb shifts [18], as well as spectral signatures for non-exponential
decay [19]. Very recently, experiments have probed the long-predicted bound state [20, 21],
both using transmon qubits coupled to corrugated microwave guides [22], and atoms in
photonic-crystal waveguides [23] with the prospect of engineering systems with optical long-
range interactions [24].
Here, we realize an atom-optical analog [25–27] of emission in a one-dimensional photonic
bandgap material, where the singularity in the mode density near the edge of the continuum
leads to particularly strong deviations from Markovian behavior. Our system is comprised of
elementary matter-wave emitters (occupational spins) in an optical lattice that emit single
3atoms into free space, with a mechanism described by the Weisskopf-Wigner model. The free
tunability of the excitation energy and decay strength allows for a systematic exploration of
the emergence of non-Markovian dynamics, including partial reversibility and the formation
of a matter-wave bound state which can be directly detected. Importantly, the close spacing
of emitters in the optical lattice gives rise to collectively enhanced dynamics beyond the
Weisskopf-Wigner model.
FIG. 1. (A) Experimental configuration: An occupied site of an optical lattice embedded in a single-
mode matter waveguide acts as an atom emitter; adjacent empty lattice sites act as absorbers. The
bottom panel shows a momentum distribution in the waveguide, observed after release and free
expansion, where h¯kr = h¯2pi/λz is the recoil momentum. (B) Emission mechanism: an oscillatory
coupling field (adjustable frequency ωµ, strength Ω) connects the confined atom’s internal state |r〉
(red) to an unconfined state |b〉 (blue). In a frame rotating at ωµ, the confined state appears as
the excited state |e〉 of a two-level matter-wave emitter with excitation energy h¯∆, whose ground
state |g〉 is the empty site. A transition from |e〉 to |g〉 is linked to the appearance of a |bk〉 atom
at momentum k and energy εk. (C) The emission of atoms bears close similarity to the emission
of photons in photonic crystals, both featuring quadratic dispersions and energetically forbidden
regions.
Introduction to the system. The experimental configuration is shown in Fig. 1(A).
Using a deep three-dimensional optical lattice with state-selectivity along one axis, we pre-
4pare a sparse array of atoms confined to sites that are embedded in isolated tubes acting as
one-dimensional waveguides. An atom’s internal state is coherently coupled to a second, un-
confined internal state using an oscillatory magnetic field. Each site thus acts as a two-level
matter-wave emitter, with harmonic-oscillator ground state occupational levels |g〉 (empty)
and |e〉 (full), supporting both the emission (for |e〉 → |g〉) or absorption (for |g〉 → |e〉)
of an atom. The excitation energy of the emitter, which is given by the detuning ∆ of the
coherent coupling from the atomic resonance, is converted into kinetic energy for atomic
motion along the axis of the waveguide.
One of the main features of each matter-wave emitter is its ability to undergo spontaneous
decay as understood by Weisskopf and Wigner. Assuming no lattice potential, the driven
atom performs simple Rabi oscillations between two internal states |r〉 and |b〉 described by
the Hamiltonian Hˆ = (h¯Ω/2)e−iδtrˆbˆ†+H.c., where Ω denotes the strength and δ the detuning
of the coupling from the transition. The tight confinement of just one of the states (say |r〉)
strongly couples the atom’s internal and motional degrees of freedom, producing a zero-point
energy shift ε¯0 = h¯ω0/2 h¯Ω in the potential, as well as a kinetic-energy shift εk = h¯2k2/2m
for motion of the free |b〉 state at h¯k momentum. As a consequence, the detuning and
strength of the coupling are shifted to ∆k = δ + (ε¯0 − εk)/h¯ and Ωk = Ωγk, respectively,
with γk = 〈k|ψe〉 denoting the overlap of the external wavefunctions. Integration over all
possible momenta k then yields [27] Hˆ =
∑
k h¯gke
−i∆kt|g〉〈e|bˆ†k + H.c with gk = Ωk/2, i.e.
the standard Weisskopf-Wigner Hamiltonian describing spontaneous emission into a vacuum
of modes (k, εk) (see Fig. 1(B)).
In contrast to optical emission in free space, the dispersion relation εk is quadratic as in
a photonic crystal, cf. Fig. 1(C). In such crystals, the emission energy relative to the edge
of the continuum may be adjusted through the crystal’s band structure; in our system, the
excitation energy h¯∆ ≡ h¯∆k=0 itself is tunable including the case ∆ < 0. Importantly, the
tunability also includes the vacuum coupling gk, which is set by Ω.
Experimental implementation. In the experiment we use 87Rb atoms in the hyper-
fine ground states |r〉 = |F = 1,mF = −1〉 and |b〉 = |2, 0〉 (the fact that |r〉 lies below
|b〉 is inconsequential in the rotating frame). The atoms are confined to a two-dimensional
array of ∼ 103 isolated lattice tubes spaced at 532 nm, each with a radial confinement of
ω⊥ = 2pi × 26 kHz and a residual axial confinement of ωz = 2pi × 97 Hz that quantizes the
mode spectrum for released |b〉 atoms in the z direction, but is inconsequential for times
5much shorter than τz = 2pi/ωz ∼ 10 ms. A state-selective lattice with period λz/2 = 395 nm
and harmonic-oscillator frequency ω0 = 2pi×40(1) kHz strongly confines the |r〉 atoms along
the tube axis.
Starting with an optically-trapped Bose-Einstein condensate [28], we first adiabatically
create an atomic Mott insulator of |r〉 atoms by ramping up the lattices, and then transfer
a fraction of ∼ 0.82 to an intermediate state |2, 1〉 for subsequent removal with a short
pulse of resonant light. This yields a sample of 2.8(2)× 104 |r〉 atoms with an average site
occupation 〈ni〉 <∼ 0.5 in the tubes. Having thus created an initial state of atomic emitters,
we then switch on a 6.8 GHz microwave field of variable coupling strength Ω and detuning
∆. After a variable time t, we measure the population remaining in the lattice and access
the momentum distribution of the released atoms with state-selective absorptive imaging,
using a combination of band-mapping and Stern-Gerlach separation in time-of-flight (see
methods).
Observing spontaneous decay. A common scenario considered in the Wigner-
Weisskopf model is emission deep into the continuum, such that the decay dynamics is
much slower than the time scale set by the excited-state energy (or the elevation above
the band edge in the case of a photonic crystal). This allows for a Markov treatment and
results in exponential decay of the excited state. Following Fermi’s Golden Rule, the decay
width Γ is the product of the mode density ρ and the square of a matrix element Hfi which
for optical decay is the product of the electric dipole moment and the zero-point field of
the resonant mode. For our system, an analogous analysis [27] (valid for Ω/∆  1) leads
to Γ = Ω2
k¯
/
√
ω0∆, containing the 1D mode density ρ ∝ 1/
√
∆ and Hfi ∝ h¯Ωk¯, where
k¯ =
√
2m∆/h¯ labels the resonant mode.
Because of the residual axial tube confinement, all measurements are taken for Ω/ωz > 1
and associated time scales shorter than τz. The measured |r〉 population is shown in Fig.
2 for near-Markov parameters as a function of time (A) and detuning (B); the data in
(A) are for Ω/∆ ≈ 0.4 at ∆ = 2pi × 2 kHz (with Γ = 2pi × 72 Hz). We observe an
irreversible, exponential decay in agreement with the expectation; however, the measured
population does not decay to zero but instead saturates at a finite value. This discrepancy
is readily explained if one takes into account that an excited emitter is not isolated but
part of a (mostly) ground-state array that enables reabsorption, in analogy to an optically
thick medium. In the Weisskopf-Wigner formalism, the array is modeled by introducing
6FIG. 2. Markov Regime. (A) Time evolution of the lattice population for Ω = 2pi×0.74(5) kHz and
∆ = 2pi × 1.9(3) kHz. Each point is the average of at least 3 measurements, bars are the standard
error of the mean. The red line is an exponential decay with a rate of 2pi × 94(3) Hz and an offset
of 0.50. The light gray lines represent the Markov approximation (dashed, Γ = 2pi × 72(12) Hz)
and the exact analytical solution for an isolated emitter [27] (solid). Inset: Simulated decay of a
single excited emitter located on one site or in the center of a three-site array (same parameters
as in the main figure). (B) Lattice population as a function of ∆ for t = 0.4 ms and Ω =
2pi×1.5(1) kHz. The solid line is the Markovian expectation with the overall decay width Γ scaled
by 0.61(1). (C) Detected momentum distribution of |b〉 atoms versus ∆ for parameters as in (B).
The dashed line is the single-particle dispersion. (D) Raw TOF data for extracting the energy
shift at ∆ = 2pi × 6.0(3) kHz. (E) Measured shifts δ¯L = ∆k¯ − ∆ in the regime Ω/∆ < 1, for
Ω˜t = 1.24 and averaged over ∆ = 2pi × 1, 2, 4, 6 kHz. The data are extracted from the second
moment (maximum) of the momentum distribution, shown using blue squares (red circles). The
blue solid and red dashed lines are quadratic fits, the gray dotted line represents δL(Ω).
site-dependent phases and projectors, resulting in [25] Hˆ =
∑
k,j h¯gke
−i(∆kt−kzj)|gi〉〈ej|bˆ†k +
H.c. We simulate the dynamics of this model numerically and find that even small arrays
reproduce the salient features (inset of Fig. 2 (A); see methods); within t ∼ 1/Γ = 2 ms, the
population gets trapped and only much later escapes from the (hypothetical) edges of the
7array. At early times, the population exp [−Γ(∆)t] scales with the detuning ∆ as expected
for an isolated emitter (albeit with a sight rescaling of the overall decay rate), as seen in
(B).
We next characterize the momentum distribution of the emitted atoms. For this purpose
we apply a 0.4 ms long coupling pulse and then observe the location of the |b〉 atoms after
15 ms of free fall. Based on the Markov approximation, isotropic emission with wave-packets
centered near the resonant momentum k¯(∆) is expected. Figure 2 (C) shows the observed
momentum distribution as a function of ∆; the emission clearly traces the parabolic disper-
sion. Moreover, the spectral width decreases, in qualitative agreement with the expectation
(while a quantitative comparison is compromised by the finite time of flight). The “inten-
sity” of the emitted matter-wave pulse strongly depends on the detuning as already seen in
Fig. 2 (B).
The standard Markov treatment of the Weisskopf-Wigner model yields a Lamb shift of
the ground and excited states as a unitary coupling to the vacuum. An analogous analysis
for our system [25, 27] yields a shift δL = Ω
2/ω0 of the excited-state energy, to (∆ − δL).
We measure the momentum distribution for variable Ω at several values of ∆ and then
calculate the mean kinetic energy of the wave-packets both from the second moment of
the momentum distributions and from the location of their fitted maxima (see methods for
details). To facilitate comparison with the model, the data are taken for a constant effective
pulse area Ω˜t, where Ω˜ = (Ω/ω0)
1/3Ω, and t ≤ 1 ms to mitigate propagation effects. The
results for the (quasi-)Markovian regime Ω/∆ < 1 are shown in Fig. 2 (D,E) as a function
of Ω. The extracted shift has the sign and approximate quadratic dependence of δL, but is a
factor of roughly three too large. We caution that, while this alone could point toward the
existence of collective enhancement, there is no indication for superradiance [25, 29] from
the decay data.
Non-Markovian dynamics. Our system readily allows for the study of spontaneous
emission outside the Markov regime. In particular, the diverging one-dimensional mode
density near εk = 0 greatly enhances the effects of the edge of the continuum. For emission
at low excitation energy, ∆/Ω  1, we expect dynamics reminiscent of a two-level system,
with damping provided by low-energy modes. Results of measurements at ∆ = 0 are shown
in Fig.3 (A). We observe oscillations similar to the predictions of our isolated-emitter model
[27] but with higher frequency and less damping. We numerically integrate our multi-
8FIG. 3. Non-Markovian dynamics and bound-state formation. (A) Time evolution of the |r〉
population for ∆ = −2pi × 0.1(3) kHz and Ω = 2pi × 3.0(3) kHz. Each point is the average
of at least 3 measurements, with error bars representing the standard error of the mean. The
gray line is our analytical model. Inset: Simulated dynamics of a single excited emitter, both
isolated, and in a three-site array (same parameters as in main plot). (B) Same as in (A) but for
∆ = −2pi × 1.7(3) kHz. The fit parameters of the analytic model are ∆ = −2pi × 2.08(3) kHz
and Ω = 2pi × 2.79(4) kHz. (C) Illustration of a stationary bound state featuring a localized,
evanescent matter wave. (D) Asymptotic fraction of |b〉 atoms after t = 4 ms, for Ω as in (A) and
∆ = −2pi × 2.2 kHz. The top (bottom) panel is for a sudden (adiabatic) turn-on of the coupling.
The histograms represent the outcomes of 50 experimental runs each.
site model Hˆ ′ for small arrays and find behavior that much more closely matches to our
observations (see inset of Fig. 3 (A)), suggesting that the dynamics are coherently enhanced
by low-energy modes, whose wavelengths can extend over several emitters.
Bound-state formation. For emission below the continuum edge, i.e. for ∆ < 0,
we expect the formation of a stationary bound state [25, 27], as illustrated in Fig. 3 (C).
For our one-dimensional system, this state consists of a partly excited emitter dressed by
an evanescent, exponentially decaying matter wave, with a binding energy ≈ h¯|∆| and
localization length ξ ≈ 1/√2m|∆|/h¯ [27]. To isolate the bound state, the coupling needs to
be turned on slowly to prevent the additional population of freely propagating modes [27]
representing a nonadiabatic, transient shedding of matter waves. However, we first proceed
as before by switching on the coupling, at ∆ = −2pi × 1.7 kHz. The lattice population,
shown in Fig. 3 (B), shows a transient oscillation settling to an asymptotic value below
9unity (with an observable |b〉 population, cf. Fig. 2 (C)). Remarkably, our single-emitter
model [27] now closely fits the data within the experimental uncertainties. Indeed, for
the chosen parameters, ξ is less than half a lattice period, which should lead to a relative
suppression of long-range couplings.
To directly determine the fraction of |b〉 atoms in the bound state, we compare the
asymptotic lattice population for a sudden and for an exponential turn-on of the coupling.
The results shown in Fig. 3 (D) show that 7.1(2)% of the population are in the evanescent
wave, with a total |b〉 population of 12.7(2)%. The observed fraction of |b〉 atoms in the
bound state (55%) is close to the expectation [27] of 47% for the chosen parameters, with
the excess possibly stemming from residual non-adiabaticity of the ramping [30].
Conclusion. Much of the present work has focused on basic properties arising from the
tunability of our Wigner-Weisskopf system, including the formation of bound states below
the edge of the mode continuum. On the single-emitter level, this provides a direct analogy
to atomic decay near the bandgap of a photonic crystal. We note that, in yet another
context, the observed non-Markovian oscillatory dynamics also reproduces predictions for
electron photo-detachment from negative ions [31, 32].
The optical lattice geometry opens up various additional avenues of inquiry. For emission
sufficiently above the continuum edge, these may include novel types of superradiance that
depend on the degree of coherence of the lattice population (superfluid or Mott-insulating)
[25, 33] and have no analog in optical systems. Moreover, controlling the longitudinal
waveguide level spacing should allow for studies of the transition between the Dicke- and
Tavis-Cummings models in quantum optics [3, 25] including their modification in the non-
Markovian regime. Unlike photons, the emitted atoms can directly interact with each other,
which should give rise to additional, nonlinear effects modifying the population dynamics.
For negative energies, the bound state lends itself to the realization of lattice models [25]
with modified tunneling and interactions. Superficially, the structure of the bound state
resembles that of a lattice polaron [34, 35] (for which a phononic Lamb-shift has recently
been measured [36]), with massive vacuum excitations replacing massless Bogoliubov sound
excitations. Rather than reducing transport, the bound state here leads to an enhancement
of mobility. The presence of tunneling with a tunable range is, for example, of interest for
studies of integrability and thermalization in one-dimensional geometries.
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METHODS
Numerical Simulation. We simulate a discrete variation of the problem outlined in
[25] and explored in detail for one 1D-systems in [27], for an array of emitters coupled to a
quantized mode structure provided by weak longitudinal harmonic confinement. We start
from the Rabi-Hamiltonian (in the RWA) and expand it to couple one or several sites (|r〉
in the main text) to many different, weakly confined levels (|b〉 in the main text). This
Hamiltonian is (for simplicity only shown for two sites, but readily expanded to n sites)
Hˆ =
h¯
2

2δ¯1 0 Ωγ1,1 Ωγ1,2 · · ·
0 2δ¯2 Ωγ2,1 Ωγ2,2
Ωγ1,1 Ωγ2,1 −2∆ + ωz 0
Ωγ1,2 Ωγ2,2 0 −2∆ + 3ωz
...
. . .

where δ¯i = mω
2
zr
2
i /(2h¯) is a site-dependent detuning (i.e. a site-dependent offset due
to the weak harmonic confinement ωz experienced by both, the lattice-trapped, and free
atoms), and the γi,j are overlaps between final and initial state wavefunctions (calculated
numerically). We use modes up to a fixed frequency (ωmax = 2pi × 5kHz) and restrict
ourselves to ∆ + 2Ω < ωmax which yields the insets for Fig. 2 (A) and Fig. 3 (A).
From these simulations we gain additional insight into the effects of the finite system
size. As discussed in the main text, the quantized mode structure should act like a true
continuum for short enough times where uncertainty should ”wash out” the mode structure.
The simulations provide a quantitative test for this. The simplest comparison is for an
isolated emitter in the Markovian limit. We see that for early times, the Markov prediction
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[27] quantitatively agrees with the numerical solution, with a marked deviation (“revival”)
observable only at t = 0.5(ωz/2pi)
−1. We note that similar results are also obtained if the
continuum is discretized by assuming a periodic-box type potential, where the revival time
depends on the length of the box.
While the analytical models [25, 27] approach the problem in a strong confinement ap-
proximation (where terms of order (∆/ω0)
2 and (Ω/ω0)
2 and higher are neglected) our
numerical simulation retains all orders. This leads to a slight discrepancy of population
transfer that can be noticed between Figs. 2 and 3 (A) and their insets. We furthermore
note that our simulation does not reproduce δL for long times.
FIG. 4. Raw momentum spectrum showing a detuning-independent, diffuse background of ∼ 103
atoms.
Background Subtraction. The sequence used to thin out the atomic sample leaves
roughly 103 atoms in the |b〉-state before the microwave pulse is applied. This results in a
diffuse background in the momentum distributions, as illustrated in Fig. 4. We remove this
background by subtracting out reference data taken for zero pulse time. The result is Fig. 2
(C) of the main text.
Momentum calibration. Our standard momentum calibration relies on Kapitza-
Dirac diffraction (KDD) [37] from the z lattice. For a more precise determination of emission
momenta, we take into account residual propagation in the tubes which slows the atomic
motion. The tubes are created, after ramping up the z lattice, by partial retro-reflection of
the Gaussian beams of our optical trap (1/e2 radius of w = 135 µm) [28], which leads to
an increase of the optical confinement ωz/2pi from 72(1) Hz to 97(1) Hz (with gravity along
z). The tubes are again ramped down within 500 µs after the microwave pulse (together
with the z lattice, for band-mapping purposes), followed by a switch off of the optical trap.
We numerically simulate the motion of atoms in the tubes, by assuming that the release
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(with momentum ±k¯) occurs midway through the pulse at the center of the 72 Hz trap, and
by then calculating the trajectories in the time-dependent optical potential until detection
after 14.6 ms of time-of-flight. We see that the calibration differs from the KDD results
by −(0.5, 1, 6)% for pulse durations of (0.2, 0.4, 1) ms, with negligible differences for shorter
pulses. These corrections are included in Fig. 2 of the main text.
FIG. 5. Raw data used to obtain the energy shift as shown in the text. (A) Second moment
of k and (B) half separation squared both subtracted by ∆/2pi. The detunings are ∆/2pi =
{1000, 2000, 4000, 6000} kHz for the disks (black), triangles (red), squares (green) and circles
(blue) respectively. Points in brackets correspond to the non-Markovian regime Ω/∆ > 1.
Energy shift data. The main motivation for a precise momentum calibration lies in
the smallness of the energetic shift. Another challenge is the blurring of the distribution due
to propagation effects for small coupling strengths, i.e. long pulses. We use two measures
for the determination of the energy of the emitted wave-packets; the squared separation
of the wavepacket-centers (extracted by fitting) and the second moment of the (centered)
distribution. The accuracy of the peak separation measure is limited by the fact that it
ignores the physical broadening of the momentum distribution at larger coupling strengths
and shorter times, while the second moment is sensitive to a blurring of the wavepackets
during detection. The data obtained using both methods are shown in Fig. 5. In the non-
Markovian regime Ω/∆ > 1 the peaks become indistinguishable (apex of the parabola in
Fig. 4) and a meaningful measure of a shift cannot be extracted with either method.
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